Ultra-low-background experiments address some of the most important open questions in particle physics, cosmology and astrophysics: the nature of dark matter, whether the neutrino is its own antiparticle, and does the proton decay.
Simulations

Introduction
Reduction of radiogenic backgrounds is one of the most important factors for rare event search experiments including searches for dark matter, neutrinoless double beta decay, proton decay, and detection of solar and supernovae neutrinos. In the dark matter community, these radiogenic backgrounds are generically classified into two types: electron recoil and nuclear recoil backgrounds. Electron recoil backgrounds result from the interactions of gamma rays, electrons or beta particles interacting with the electrons in the detector's target medium while nuclear recoil backgrounds result from neutrons interacting with the nucleus in the detector's target medium. In dark matter experiments, the nuclear recoil background is of particular concern because a nuclear recoil from a neutron can be indistinguishable from a nuclear recoil from a WIMP [1] .
Neutrons are produced by spontaneous fission, (α, n) and muon-induced interactions. Concerns of (α, n) interactions have been a constant from early low background experiments [2, 3] to the current and planned direct dark matter detectors [4, 5, 6, 7, 8] . Muon-induced neutrons can be reduced by operation of the detectors deep underground and by placing passive shielding around the detector. In addition, muon-induced neutrons can often be recognized by identifying the parent muon in a muon veto. More difficult to deal with are neutrons resulting from (α-n) interactions and spontaneous fission from 238 U, 235 U, and 232 Th present in the materials used to construct the shielding and the detectors themselves. These backgrounds have induced the development of external neutron vetoes [9, 10, 7] , and the development of robust screening and assaying programs [11] for materials used in the construction of such experiments.
Two codes available for use in such calculations, SOURCES-4A [12] and a code developed by Mei, Zhang and Hime [13] that we will refer to as the USD webtool, are evaluated here, extending the work of [14] . The latter is made available online at http://neutronyield.usd.edu. A user can enter information such as the decay chain and the material details to consider, but can not access nor modify the code. The SOURCES-4C code is available through the Radiation Safety Information Computational Center (RSICC) at Oak Ridge National Laboratory (US) (http://rsicc.ornl.gov). A modified version of the original SOURCES-4A version has been obtained via email exchange with Dr. V. Kudryavtsev at University of Sheffield [15] and was used in this study. Modifications of this version are detailed in the next section.
Differences exist in how each code calculates neutron spectra. The USD code allows calculation for the whole 238 U, 232 Th decay chains and Sm radioactive source, whereas SOURCES-4A allows calculations of sub-chains, according to the input parameter that the user wants to run. That said, SOURCES-4A requires the installation of the code and construction of an input tape in order to perform calculations which requires a familiarity with coding that is not required to use the web interface provided by the USD webtool.
Neutron Yield and Spectra
Measurements of neutron spectra strongly depend on the material and are not straightforward to make since neutrons are neutral particles. As such, their calculations are critical for low background experiments. The total neutron yield indicates the number of neutrons which are produced or had entered the target whereas the neutron energy spectrum determines the background events expected in the energy range of interest. Both are needed in order to carry out a complete and reliable neutron background simulation. Here we evaluate neutron yields and spectra performed via two different codes: a modified version of SOURCES-4A and the USD webtool. The SOURCES-4A code has been modified to extend the cross section for (α,n) up to 10 MeV, based on experimental data, whenever possible, and calculations performed via the EMPIRE code [16] by the group at the University of Sheffield [17] . The SOURCES-4A and USD webtool codes calculate neutron yields and spectra from (α, n) reactions due to the decay of radionuclides. Radiogenic neutrons result from the decay of the intrinsic contamination of materials surrounding the detectors with 232 Th, 238 U and 235 U. A validation of the SOURCES-4A and USD webtool codes has been carried out. We have considered a straightforward alpha-beam problem: a 5.5 MeV alpha particle incident on a magnesium slab (data from Jacobs, 1983) [18] Table 2 . For both chains, the majority of neutrons are produced by the α generated in the second part of the chains.
The calculation of the neutron spectra requires as inputs the cross-sections of (α, n) reactions, the probabilities of nuclear transition to different excited states (branching ratios) and the alpha emission lines from the radionuclides. Both codes consider a thick target: calculation of neutron yields and spectra are carried out under the assumption that the size of radioactive sample exceeds significantly the range of the alpha particle. The energy bin size of the (α, n) calculation is fixed to be 0.1 MeV in USD webtool code whereas it is user dependent in SOURCES-4A. Table 1 lists the α-lines resulting from the 238 U and 232 Th decay chains that are included in the SOURCES-4A and USD webtool codes. The USD webtool code is missing the α-lines from the 222 Ra isotope in the 238 U decay chain that is considered by the SOURCES-4A library. Overall, the branching ratio and the energy lines are in good agreement between the two codes.
Cross-sections and branching ratios are required for neutron yield and spectra calculations as well. The USD webtool code uses TENDL 2012 [19] to provide (α, n) nuclear cross-sections. TENDL is a validated nuclear data library which provides the output of the TALYS [20] nuclear model code system; the SOURCES-4A cross section input libraries come from EMPIRE-2.19 [16] calculations and, for some isotopes, a combination of data measurements and EMPIRE-2.19 calculations. EMPIRE is the code recommended by International Atomic Energy Agency (IAEA). However, neither EMPIRE nor TALYS can properly calculate all resonance behavior that has been experimentally observed.
An extensive comparison between the cross-section libraries used in the SOURCES-4A and USD webtool codes has been carried out. We considered the target nuclides present in the materials with the greatest contribution to the radiogenic neutron background. Specifically, we examined materials that commonly compose the shielding scheme and the internal detector components, such as stainless steel, copper, titanium, borosilicate glass (PMTs glass), and PTFE, which becomes important when the external neutron flux is attenuated by the shielding. The cross section spectrum results in a good agreement for most of isotopes in both code libraries. However, for some, such as 13 C and 10 B and 11 B, the cross sections show discrepancies, see Fig. 1 .
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A comparison of neutron yield and energy spectra obtained via the SOURCES-4A and USD webtool codes for the same materials as above, has been performed. Results are shown in Table 4 and in Fig. 2, Fig. 3 and Fig. 4 . A qualitative agreement between the two codes is observed. A maximum discrepancy of a factor 2 is found. The energy spectra calculated via SOURCES-4A code are in general smoother, without the presence of resonant peaks, a prominent feature of the USD spectra.
To better estimate the discrepancies in the radiogenic neutron spectra due to the contribution of the cross section input library we have calculated radiogenic neutron yield and spectra for two materials: copper and polyethylene. We have considered natural copper (70% 63 Cu and 30% 65 Cu) with a density of 8.96 g/cm 3 ; polyethylene material (C 2 H 4 ) was considered with a density of density is 0.935 g/cm 3 . Estimates are made assuming a concentration of 1 ppb of 238 U and 232 Th in their respective decay chains. Cross sections in Cu are in good agreement in both codes, whereas the cross section of 13 C (in polythylene) shows some discrepancies, as illustrated in Fig. 1 .
To check the overall effect that the input libraries had on the neutron yield results, the SOURCES-4A algorithm was used with the (α,n) cross sections of the USD webtool code as input to calculate radiogenic neutron yields. The results of this study are listed in Table 3 . The second to last column, (a) in Table 3 , is the ratio of the radiogenic neutron yields obtained with the SOURCES-4A and USD webtool codes (column(2)/column(1)): the codes show a reasonably good agreement, within a 50% discrepancy. The last column, (b) in Table 3 , refers to the ratio of radiogenic neutron yield resulting from the USD webtool calculation over that resulting from the calculation using the SOURCES-4A algorithm with the USD webtool (α, n) cross-sections as input. For polyethylene, we can conclude that the input cross-section may account for up to a 20% discrepancy in neutron yield. Figure 5 shows radiogenic neutron spectra for copper (upper row) and polyethylene (lower row), both from uranium and thorium decay chains, left and right panels respectively.
GEANT4 Propagation
To evaluate the impact of the varying neutron spectra produced by the SOURCES-4A and the USD webtool codes, simplified detector geometries were created within a RAT [21] framework with GEANT4.9.5.p01 and the pertinent high precision neutron physics list utilizing cross sections from G4NDL3.14 for neutrons under 20 MeV. Four simulations, for neutrons from uranium and thorium, with the spectra from the SOURCES-4A and the USD webtool codes (shown in Fig. 5 ) were run for each relevant material under study.
Three simplified direct dark matter detector geometries were established to study neutron elastic scatter signals within central detector materials and the potential for vetoing neutrons with outer detectors, depicted in Figure 6 . The first was a spherical liquid argon detector, with a radius of 1 m, which is surrounded by shells of 10 cm thick acrylic, 5 mm thick borosilicate glass, and a water veto out to a radius of 3 m. The simulated neutrons were isotropically created in the borosilicate glass, as it is the leading source of radiogenic neutrons in many liquid argon detectors.
The second geometry studied was a cylindrical liquid xenon detector with a 1 m diameter and height. It is nested within cylinders of 3 cm thick PTFE, 2 cm thick titanium, and liquid scintillator veto with a diameter and height of 3 m. Neutrons were generated isotropically in the PTFE; it is not likely to be the leading source of neutron backgrounds for most xenon detectors but may contribute significantly to the total radiogenic neutron yield.
The final geometry studied was a cylindrical solid germanium detector with a 10 cm diameter and 120 cm height. It is surrounded by nested cylinders: first 1 cm thick copper, then 15 cm of polyethylene veto and 10 cm of lead. The neutrons are generated isotropically within the copper.
For these sample studies, an analysis threshold on the neutron-induced nuclear recoils of 20 keV was set in the argon detector and 5 keV in the xenon and germanium detectors. Scatters were rejected as WIMP-like recoils if there were multiple distinguishable nuclear scatters over threshold within the target. Figure 7 shows the total induced nuclear recoil spectra in these simulated detector targets along with the single nuclear recoil spectra. The larger liquid noble detectors show greater reductions from all nuclear scatters to single nuclear scatters due to their size. The induced recoil spectra visibly smooth out the shape differences between the input neutron yield spectra, and the differences between simulations originating with the SOURCES-4A and USD webtool codes are minimized when studying the single nuclear recoils of interest. Table 5 provides the percentage difference between the simulated nuclear recoil counts from the neutron spectra. The difference in counts for the borosilicate and PTFE studies can nearly all be attributed to the difference in the total neutron yields. Indeed, these count differences are generally smoothed out and reduced proportionately from the yield differences in Table 4 , and a χ 2 per degree of freedom test of just the recoil spectra shapes shows reasonable agreement between both simulations. This is not the case for the neutrons originating in copper. The total yields began with a 20% agreement, but the truncation in energy of the USD spectra causes a significant difference of up to 80% for the numbers of recoils seen above threshold. These differences are easily seen in the lower-left panel of Fig. 7 for the 238 U neutrons originating in Cu and recoiling in a Ge target. Additional tests, that are not shown here, vetoed events with more than 1 keV deposited from inelastic or capture gamma ray scatters within the target, or if a neutron capture occurred within the veto material. Although no common dopants were included in the veto materials, most neutrons did capture within the vetoes. The remaining elastic nuclear scatters comparisons between the SOURCES-4A and USD webtool codes initial spectra were analogous to those for the single recoils, which is why we have chosen not to add them to the plots of Fig. 7 .
The impact upon neutron background simulations for dark matter detectors of the difference between (α, n) neutron spectra calculated with the SOURCES-4A and the USD webtool is primarily one of overall normalization. The differences would lead to different background predictions prior to running an experiment, but when spectral fits are made to recoils seen in a detector for multiple scatters, high energy or high radius events, the prediction of low energy single nuclear recoils is quite robust. However, there may be other exceptions besides copper to these spectral considerations.
Conclusion
The low radioactive background physics community has access to two tools for calculating α-n neutron yield spectra for common α-decay sources: SOURCES-4A and the USD webtool. Both codebases may meet the needs of particular users.
SOURCES-4A allows the user full control of the reactions they are studying, including the ability to study the decay chains out of secular equilibrium between their early and late part of the chain. In addition, the neutron yields from spontaneous fission are also easily calculated. However, personal correspondence with the code developers s advised for updates on extended energy ranges and corrected cross sections.
The USD webtool provides a user-friendly webform interface to quickly obtain neutron spectra with realistic resonant peaks. The lack of fission yields and options for broken equilibrium are disadvantages compared to the customizable SOURCES-4A.
Between the two tools we found no systematic differences between the input cross-sections and output spectra and yields. Both may have errors in cross sections or outputs that require a human eye to catch. Low energy neutron physics codes been notoriously difficult to benchmark, and the agreement to 50% or better between these packages can probably be interpreted as bracketing the known range of neutron yields.
Once the neutron yields are used as the input to background simulations, the differences in both yield and spectral shape are smoothed away in GEANT4 Monte Carlo studies of neutron induced nuclear recoils. As common additional cuts are placed on single nuclear recoils without additional gamma ray signals from inelastic scatters or neutron capture in a veto, both SOURCES-4A and USD input spectra predict similar background counts.
A complete comparison and validation of these tools would require comparison with data. However, such data sets are difficult to obtain. For a running experiment, detailed geometries of fully assayed parts would be necessary to compare against recoil spectra generated by SOURCES-4A and USD. Statistical agreement with both code bases is likely with the purposefully low rates of neutron recoils within low background experiments.
SOURCES-4A has a long history of use within the low background community, and will continue to be used for simulating future generations of experiments. As the newer TALYS nuclear code base that USD relies upon is exercised in other nuclear physics settings, the greater the likelihood of the USD webtool or a similar TALYS based calculation being used for radiogenic background predictions. Both will offer benefits to their users. In addition new tools and codes such as [22] will continue to be developed as new measurements become available. 
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